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CH-8057 Zürich, Switzerland
0022-2836/$ - see front matter q 2005 E

Abbreviations used: VH, VL, varia
VH with medium stability; VH

s , VH

constant domains of the antibody li
two-domain assembly consisting of
bond; Fab fragment, antigen-bindin
interchain disulfide bond; Fd fragm
the region of the heavy chain C-term
fragment with the CL domain coval
E-mail address of the correspond
Recombinant antibody fragments, most notably Fab and scFv, have become
important tools in research, diagnostics and therapy. Since different
recombinant antibody formats exist, it is crucial to understand the
difference in their respective biophysical properties. We assessed the
potential stability benefits of changing the scFv into the Fab format,
the influence of the variable domains on the stability of the Fab fragment,
and the influence of the interchain disulfide bond in the Fab fragment. To
analyze domain interactions, the Fab fragment was broken down into its
individual domains, several two-domain assemblies and one three-domain
assembly. The equilibrium denaturation properties of these constructs were
then compared to those of the Fab fragment. It was found that mutual
stabilization occurred across the VH/VL and the CH1/CL interface, whereas
the direct interaction between the VL and the CL domain had no influence
on the stability of either domain. This observation can be explained by the
different interfaces used for interaction. In contrast, the whole CH1CL and
VHVL unit showed significant mutual stabilization, indicating a high
degree of cooperation between the VH/VL and CH1/CL interface. The
interchain disulfide bond in the Fab fragment plays an essential role in this
stabilization. In addition to the effects of domain association on the
thermodynamic (equilibrium) stability, Fab fragments differ from scFv
fragments of similar equilibrium stability by having a very slow unfolding
rate. This kinetic stabilization may increase significantly the resistance of
Fab fragments against short time exposure to adverse conditions.

q 2005 Elsevier Ltd. All rights reserved.
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Introduction

Recombinant antibodies have become widely
used reagents in research, diagnostics and
therapy.1–5 They can now be made in fully
human form against essentially any target, by a
variety of technologies.6–10 Some advantages of
whole antibodies include a long half-life in the
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blood circulation as well as the ability to activate
complement and to engage Fc receptor-mediated
effector functions.11–13 Although the presence of
the Fc is desirable for many therapeutic appli-
cations, other therapeutic, diagnostic and technical
applications do not rely on the natural effector
functions of antibodies. Consequently, antigen-
binding fragments of antibodies smaller than
d.
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immunoglobulin G (IgG) are now being
considered for many applications. Such recombi-
nant antibody fragments offer several advantages.
They can be produced in bacteria in functional
form,14 greatly simplifying the access to these
molecules. Their smaller size allows improved
tissue penetration for therapeutic applications,
such as cancer therapy.11 Moreover, a number of
strategies exist to produce these fragments in
multivalent form (either unispecific or multi-
specific),15,16 and this ultimately confers increased
control over size and avidity. Finally, a wide
variety of peptidic tags or protein domains can be
used for detection and controlled immobilization of
recombinant antibody fragments. Because of these
many options, it is essential to understand the
biophysical properties of the various antibody
formats and, in particular, the interaction of
different domains in the antibody fragment. There-
fore, the effect of the constant domains on the
stability of variable domains with different
stabilities was investigated in the context of the
antigen-binding Fab fragment consisting of VH,
CH1, VL and CL.

The IgGmolecule is a modular protein, consisting
of two identical heavy chains, folded into four
domains (VH, CH1, CH2 and CH3), and two identical
light chains, folded into two domains (VL and CL).
The four chains associate to form three structural
units. Two units are identical Fab fragments
consisting each of VL, CL, VH and CH1 domains.
The third unit is the dimer of the region of the heavy
chain C-terminal to the hinge (Fc fragment) con-
sisting of two CH2 and two CH3 domains. Fab and
Fc fragments are connected loosely by a hinge
region in the heavy chain and are not believed to
interact structurally with each other.17,18 The
smallest antibody entity retaining the antigen
specificity of its parental antibody consists of a
heterodimer of the VH and VL variable domains, the
so-called Fv fragment.19 In most Fv fragments, the
dissociation constant between the VH and VL

domains, which ranges from 10K5 M to 10K8 M,20–24

is not sufficient to keep the domains associated at
low concentrations of protein or under mildly
destabilizing conditions. To avoid this problem in
recombinantly produced constructs, the variable
domains are usually connected by a genetically
encoded flexible peptide linker, either in the orien-
tation VH-linker-VL or VL-linker-VH, resulting in a
single-chain Fv (scFv) fragment.21,25–27 The scFv
fragment has become the most popular antibody
format, because of its small size (30 kDa), the
presence of only one polypeptide chain, and the
relative ease with which it is produced in bacteria.
Moreover, since it is composed of a single poly-
peptide chain, fusion proteins can be constructed
easily.

The larger Fab fragments (50 kDa), which include
the CL domain and the first of the CH domains, are
preferred by a number of researchers because they
are perceived to be more stable than scFv frag-
ments, even though there is little published
evidence supporting this. In one study, a Fab
fragment containing variable domains of marginal
stability appeared to be more stable than the
corresponding Fv fragments, but the scFv was not
investigated in this study.28 The current literature
gives little indication of whether this holds true for
all scFv/Fab fragment pairs, or if at higher variable
domain stability the intrinsic stability of the
constant domains becomes limiting. Immuno-
globulin variable domains differ widely in their
intrinsic stabilities. This has been demonstrated for
a series of VL and VH domains representing the
consensus sequences of the major human germline
families.29 The stability of weak variable domains
can often be improved dramatically by the intro-
duction of a limited number of stabilizing
mutations,30,31 or by directed evolution selecting
for improved stability.32–34 The questions remain to
what extent the stability of a Fab fragment can be
improved by increasing the stability of the con-
stituent variable domains and if the stabilities of the
constant domains become limiting at some point.
Hence, we performed this study in the context of
variable domains that differ significantly in their
intrinsic stability.

Early studies of the stability of a particular Fab
fragment,35 compared to that of the light chain
alone,36 showed a significant stabilization of the
light chain through interactions with the heavy
chain. Within the context of a disulfide-linked Fab
fragment, the VHVL heterodimer and the CHCL

heterodimer were found to behave as two distinct
folding units. The CHCL heterodimer was found to
be significantly more stable than the VHVL hetero-
dimer for the particular antibody under study.
In addition, its denaturation was found to be
extremely slow, requiring weeks to months to
reach equilibrium.36

In naturally occurring antibodies, heavy and light
chains of the Fab fragment are usually connected by
a disulfide bond that is structurally located at the
“bottom” of the constant domains. Although the
sequence position of the participating cysteine
residues is not conserved between different
immunoglobulin types, the spatial location is
indeed very similar (described in detail in Dis-
cussion). We were interested in investigating the
contribution of this interchain disulfide bond to
stability in the context of variable domains with
very different stabilities.

From a series of closely related variable domains
of different stability, derived from the antibodies
ABPC48 and 4D5, previously analyzed in the
context of the scFv fragment,37 we constructed Fab
fragments with and without a disulfide bond
connecting the two chains. Urea and/or guanidine
hydrochloride (GdnHCl) unfolding curves were
determined for the isolated domains as well as for
the different combinations of variable domains in
the scFv format (VH-linker-VL), in the unlinked Fab
format and in the disulfide-linked Fab format
(FabSS). In addition, the unfolding curves of the
isolated light chain (VLCL), the disulfide-linked



Figure 1. Dissection of the Fab fragment. All the
antibody domain assemblies that were investigated are
depicted. The investigation of the isolated CH1 domain
and the Fd fragment (VH and CH1) was not possible due
to degradation and aggregation, respectively. Fab frag-
ments with and without the C-terminal interchain
disulfide bond were studied. This was not possible for
the CHCL assembly. Because of the weak interaction
across the interface, only the disulfide-bonded version
resulted in a homogenous protein preparation. With these
different assemblies, it was possible to untangle the
contributions of the intrinsic domain stability and inter-
face stabilization to the overall stability of the Fab
fragment. The denaturation curves of two isolated VL

domains with low (Vw
L ) and with high (Vs

L) stability, and
three isolated VH domains with very low (Vw

H), medium
(Vm

H) and high (Vs
H) intrinsic stability were determined.

Comparative Evaluation of scFv and Fab Stability 775
CHCL heterodimer ðCHC
SS
L Þ and an scFv-CL con-

struct were analyzed (Figure 1). By this approach,
we obtained global information on the relative
stability of Fab fragments and scFv fragments as
well as the mutual interface interaction of their
constituent domains, and we could differentiate
between the situation in molecules with very stable
variable domains and those with very unstable
ones.
Table 1. Overview of VH domains used

Abbreviation H22 H52

Wild-type Cys Asn
Vw

H Ala Asn
Vm

H Ala Ser
Vs

H Cys Ser
Results

Constructs analyzed

The antibody fragments used in this study were
derived from themurine myeloma protein ABPC48,
a levan (poly-b-2, 6-D-fructose) binding antibody,38

and the humanized monoclonal antibody 4D5,
which binds HER2.39 To assess the domain inter-
action and mutual stabilization, variable domains
with different intrinsic stability were combined. The
stable VL domain, named Vs

L (superscript s for
strong), is derived from the antibody 4D5, while the
weak VL domain, named Vw

L (superscript w for
weak), comes from ABPC48. For the VH domains,
three different stability mutants were used (Table 1).
The VH domain with the lowest stability, named Vw

H,
is derived from the wild-type ABPC48 sequence. It
does not have a disulfide bond, as the conserved
cysteine H92 is naturally replaced by a tyrosine
residue,40 and the unpaired cysteine H22 has been
replaced by alanine41 to prevent unwanted oxi-
dation (numbering according to Kabat42). As the
unmodified wild-type VH domain would be too
unstable for characterization in the absence of the
VL domain, the stabilizing mutation LysH66Arg
was introduced to give Vw

H.
37 The mutant of

intermediate stability, named Vm
H (superscript m

for medium), has two additional stabilizing
mutations, AsnH52Ser and TyrH92Val. In the most
stable VH domain, Vs

H, the intradomain disulfide
bond is restored in the context of the stabilizing
mutations LysH66Arg and AsnH52Ser. The murine
k light chain (CL) sequence of the constructs
analyzed in this study corresponds to the wild-
type ABPC48 sequence. Since the murine IgA CH1
domain of wild-type ABPC48 does not form a
disulfide bond with the C-terminal cysteine residue
in the CL domain, it was replaced by a murine IgG1
CH1 domain. Constructs with the C-terminal inter-
chain disulfide bond between the CL and CH1
domain are denoted with the superscript SS. In the
non-disulfide-linked constructs, the C-terminal
cysteine residues were deleted in both the CL and
the CH1 domain.

Protein expression and purification

The different Fab fragments, with and without
the intermolecular disulfide bond (denoted FabSS

and Fab fragment) and the scFv Vs
HV

w
L and Vs

HV
s
L

fragments were expressed in soluble, native form in
the periplasm of Escherichia coli and purified under
H66 H92
Intradomain
disulfide bond

Lys Tyr No
Arg Tyr No
Arg Val No
Arg Cys Yes
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non-denaturing conditions. The same procedure
was used for the isolated VL and CL domain, the
light chain and the disulfide-linked heterodimer of
the constant domains ðCHC

SS
L Þ. While the unlinked

CHCL heterodimer was expressed with reasonable
yields under those conditions, dissociation during
purification led to precipitation and loss of the CH1
domain. The isolated VH domains and the scFv Vw

H
Vw

L fragment, containing the weak Vw
H domain

lacking the intradomain disulfide bond, had to be
expressed as inclusion bodies and refolded by fast
dilution. Two constructs could not be studied: The
isolated CH1 domain could not be expressed in
significant amounts, neither by periplasmic
expression nor as inclusion bodies in the cytoplasm
of E. coli, probably due to the rapid degradation of
the polypeptide chain. The denaturation curves of
the antibody heavy chain fragment consisting of VH

and CH1 (Fd fragment) of the heavy chain could not
be analyzed, presumably due to aggregation or
multimerization in the transition region. Gel-
filtration analysis confirmed that all purified frag-
ments under investigation had the expected
molecular mass and did not form oligomers under
the conditions of the analysis (data not shown). The
presence of the disulfide bond linking the heavy
chain and the light chain in the FabSS and CHC

SS
L

constructs was confirmed by SDS-PAGE under
reducing and non-reducing conditions (data not
shown).
Equilibrium unfolding curves

Denaturant-induced equilibrium unfolding was
followed by fluorescence spectroscopy, using an
excitation wavelength of 280 nm (which excites
both tyrosine and tryptophan residues) and
measuring the emission spectrum between 320 nm
and 365 nm. Given the complexity of the fluor-
escence changes upon unfolding of these multi-
domain constructs, it is difficult to find a
representation that allows the direct comparison
of the unfolding behavior between different con-
structs. Fluorescence intensity data for antibody-
derived constructs are often noisy due to the strong
aggregation propensity of some unfolding inter-
mediates, leading to light-scattering or errors in the
protein concentration. In addition, some unfolding
transitions lead to an increase of the quantum yield
(unquenching of the core tryptophan residues,
which are located next to a disulfide bond), while
others lead to a decrease (e.g., exposure of the
VH/VL interface tryptophan residues). In contrast,
the emission maximum depends solely on the
environment of the tryptophan residues detected.
Fully solvent-exposed tryptophan residues show an
emission maximum at 350 nm, which corresponds
to pure tryptophan in aqueous solution,43 while the
hydrophobic interior of proteins causes a blue shift
of the emission maximum. We therefore plot the
shift in the wavelength of the fluorescence emission
maximum as a function of denaturant concen-
tration. This signal shows a monotonic increase
across all unfolding events, as disruption of inter-
faces and denaturation of domains leads to an
increased solvent exposure of tryptophan residues
and therefore causes a red-shift of the emission. In
addition, this spectral shift is relatively insensitive
to variations in protein concentrations and inter-
ference due to light-scattering. Since the magnitude
of the shift varies for different domains, depending
on the fraction of tryptophan residues initially
exposed at the start of the transition, the curves
are normalized to the signal measured at the lowest
(0) and the highest (1) concentration of denaturant.
However, these normalized values do not corre-
spond to the fraction of molecules unfolded, since
the different domains do not contribute equally to
the fluorescence signal and no baseline correction
was applied to the curves.

As a consequence, we do not attempt to derive
DGH2O values for the different transitions, since
even global-fit algorithms do not produce robust fits
for the, at least three, states we can clearly discern in
many of the curves. The fits are particularly
unreliable in the cases where the two transitions
in a presumed three-state or higher equilibrium
system are so close to each other that the resulting
curve cannot be distinguished clearly from a two-
state unfolding curve with lower cooperativity.
Further problems arise when the spectral properties
of the presumed intermediate cannot be observed
directly, but have to be derived from the fit. It is also
less straightforward to estimate the difference
between DGNU(H2O) values for constructs of differ-
ent sizes. For point mutations within a molecule it
can often be assumed that the m-value, relating
DGNU to the concentration of denaturant, is not
affected by the mutation. This clearly does not hold
true when comparing constructs of different sizes.
Since the m-value is roughly proportional to the
area of hydrophobic surface exposed upon unfold-
ing,44 we expect the dependence of DGNU on the
concentration of denaturant to become steeper for
larger constructs, and a shift in the denaturant
midpoint not to be proportional to DDGNU for
different constructs at zero denaturant concen-
tration. In other words, constructs with very
different DGNU(H2O) values can have the same
GdnHCl50, if they have very different molecular
masses, and therefore different m-values.
Kinetic stabilization

For isolated domains and scFv fragments, the
unfolding (starting from native protein) and refold-
ing (starting from fully denatured protein) reactions
reached equilibrium within 12 hours, as shown by
the coincidence of the two curves. In contrast, the
CHC

SS
L heterodimer took two weeks to reach

equilibrium. Fab and FabSS fragments could not be
refolded quantitatively from the fully denatured
state, and thus the difference between denaturation
and renaturation curves could not be used to
monitor the approach to equilibrium. However, it
took nearly a month of equilibration until no further



Figure 2. Time-course of unfolding transition curves. To
follow the slow unfolding of the CHC

ss
L , Fab Vs

HV
w
L and

FabSS Vs
HV

w
L fragments, samples were prepared from a

protein stock solution without denaturant and mixed
with increasing amounts of GdnHCl. The samples were
incubated at 20 8C for the time indicated in the plot and
their fluorescence emission spectra determined. Unfold-
ing curves were plotted as normalized emission maxima
(EM) as a function of denaturant concentration. Increas-
ing incubation times shift the midpoints of unfolding
towards a lower concentration of GdnHCl. (a) For the
CHC

ss
L fragment, no further shift was observed after 14

days (,) and the curve is superimposable with the
refolding curve (;), indicating that equilibrium was
reached. (b) and (c) For the Fab and FabSS fragments, no
refolding curve could be measured due to incomplete
reversibility.

Figure 3. Equilibrium denaturation curves of the
different two-domain assemblies compared with their
constituent domains. Normalized curves are shown to
facilitate the comparison of the unfolding transitions. The
EM normalization makes no assumption about pre-
transition or post-transition baselines. The continuous
lines provided in all plots do not correspond to a two-
state or a three-state fit, but are supplied for guidance. In
(a), a significant shift of the unfolding transition towards a
higher concentration of urea is observed for the scFv Vw

H
Vw

L fragment (B) as compared to its constituent domains
Vw

H (&) and Vw
L (:). (b) The equilibrium denaturation

curve of the light chain (C), in contrast, corresponds
almost perfectly to the unfolding curve (- - -) calculated
from the sum of the spectra of the two constituent
domains Vw

L (:) and CL (6) at the different denaturant
concentrations. (c) In the light of the slow unfolding rate
of the CHC

ss
L fragment (;), the refolding curve, starting

from a protein stock solution in 6.5 M urea, is shown. A
steeper transition indicates higher cooperativity for the
equilibrium denaturation curve of the CHC

ss
L fragment

(;) than for the isolated C domain (6) and the light
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change in the denaturation curve could be dis-
cerned (Figure 2).
L

chain (C, b).
Interface interaction

We begin our analysis with constructs composed
of two domains (Figures 1 and 3), in order to gain
insight into the effect on mutual stabilization of the
individual domains across various interfaces. In the
case of the scFv Vw

HV
w
L fragment, a strong stabilizing

effect of the VH/VL interface is observed.37 The
denaturation curve of the scFv Vw

HV
w
L fragment

(Figure 3(a)) follows a two-state model, indicated by
a cooperative unfolding of the two domains, with a
denaturation midpoint higher than that of the
individual domains. This suggests that in the scFv
fragment, the Vw

H and Vw
L domains interact strongly,

and that through this interaction the two domains
are stabilized to such an extent that the scFv unfolds



Figure 4. Comparison of the unfolding transitions of
the scFv Vs

HV
w
L fragment (B, (b)), the scFv-CL Vs

HV
w
L

fragment (C, (c)), the Fab Vs
HV

w
L fragment (,, (d)) and (a)

their constituent isolated domains Vw
L (:), Vs

H (&) and CL

(6). Upon addition of one (scFv-CL) and two (Fab)
constant domains, the plateau of the emission maximum,
corresponding to a folding intermediate, is shifted to a
higher wavelength. This shift indicates a higher pro-
portion of tryptophan residues exposed to the solvent for
these constructs. The scFv-CL V

s
HV

w
L fragment (C) shows

an earlier onset of unfolding than the corresponding scFv,
presumably due to the CL domain (6), which is not
stabilized in this construct. However, as soon as both
constant domains are present in the Fab Vs

HV
w
L fragment

(B), a shift of the first transition towards a higher
concentration of GdnHCl and a highly cooperative
unfolding is observed.
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as a unit that is significantly more stable than either
of the constituent domains.

In the case of the whole light chain, composed of a
VL domain and a CL domain, the unfolding curve of
the two-domain assembly is identical with the
unfolding curve calculated from the weighted
sum of the spectra of the two isolated domains at
the different concentrations of denaturant (Figure
3(b)), which is consistent with previous obser-
vations.45 This result demonstrates that no signifi-
cant stabilizing interactions occur between the VL

and CL domain, as expected from the small VL/CL

interface within one chain. Unfortunately, the
corresponding experiment could not be carried
out for the Fd part of the heavy chain, since
aggregation or multimerization occurred in the
transition of unfolding. This behavior has been
observed for other Fd chains.46 However, we
assume that the situation is similar to that for the
light chain, because of its similar structural arrange-
ment. Early experiments studying the limited
papain cleavage of Fd fragments generated from
rabbit IgG are consistent with the view that VH and
CH domains do not interact strongly in the absence
of the light chain, but are linked through a flexible,
protease-sensitive connection.47

In the case of the CHC
SS
L heterodimer, the

renaturation midpoint of the two-domain construct
coincided with the midpoint of the unfolding
transition of the isolated CL domain (Figure 3(c)),
although the unfolding reaction was much slower
for the two-domain construct. It took two weeks of
incubation until the reaction was sufficiently close
to equilibrium for the midpoint of the denaturation
curve to coincide with that of the renaturation curve
(Figure 2(a)). Because of the weak interface inter-
action between the CH1 and CL domains, we had to
use the disulfide-bonded version in order to obtain
a homogenous protein preparation. As expected44

for the larger size of the CHC
SS
L , its m-value was

higher than that of the isolated CL domain (Figure
3(c)). In contrast to the whole light chain, a sharp
transition is observed for the CHC

SS
L fragment,

indicating cooperative unfolding and therefore
strongly interacting domains. Since the CH1 domain
cannot be studied (as it is insoluble or unstable in
the absence of the CL domain), we have no data to
describe its unfolding, but we can assume that the
intrinsic stability of the CH1 domain is not higher
than that of the CL domain. Otherwise, it would
shift the midpoint of unfolding of the CHC

SS
L

fragment to a higher concentration of denaturant.
Thus, while no significant domain interaction at the
VL/CL interface is observed, the VH/VL and CH1/
CL interfaces show mutual interactions, which lead
to cooperative unfolding of the domain pairs.
From isolated domains to the Fab fragment

In a second series of experiments (Figure 4), the
influence of the constant domains on the variable
domains in the Fab format was studied by
assembling the Fab in a stepwise manner. The
denaturation curves of the isolated domains are
shown in Figure 4(a). Variable domains (Vs

H and
Vw

L ) with significantly different intrinsic stabilities
were combined to yield the scFv Vs

HV
w
L fragment
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(Figure 4(a) and (b)). This difference in stability
leads to two distinct unfolding transitions for the
two variable domains in the scFv format and,
therefore, to an unfolding intermediate for the
denaturation of the scFv fragment (Figure 4(b)).
Thus, the influence of the constant domains on
these variable domains can be observed individu-
ally. In this scFv Vs

HV
w
L fragment, the midpoint of

the first transition lies at a higher concentration of
denaturant than the denaturation midpoint of the
isolated Vw

L domain, indicating stabilization of the
Vw

L domain by its interaction with the more stable
Vs

H domain. The second transition, which remains
unchanged, reflects the unfolding of the more stable
domain, VH

s , in the scFv fragment. Like in the scFv
Vw

HV
w
L fragment (Figure 3(a)), a stabilizing effect is

observed at the VH/VL interface.
In the next step, we fused the CL domain to the VL

domain in the scFv format to give the three-domain
assembly scFv-CL V

s
HV

w
L . A CL domain added to the

C terminus of an scFv fragment in VH-linker-VL

orientation had no effect on the thermodynamic
stability of either the scFv fragment or the CL

domain (Figure 4(a)–(c)). The unfolding curve of the
three-domain assembly is identical with the calcu-
lated sum of the unfolding curves of the isolated CL

domain and the corresponding scFv fragment
(Figure 4(c)), similar to what was observed for the
light chain VLCL (Figure 3(b)). While it has been
reported that the addition of a CL domain can
increase the functional half-life of some scFv
intrabodies in the cytoplasm and nucleus of
eukaryotic cells,48–50 this most probably is not due
to altered thermodynamic stability, but to reduced
in vivo aggregation and/or degradation of the
construct.

Finally, by adding the CH1 domain, the complete
Fab Vs

HV
w
L fragment is generated. In contrast to the

scFv and the scFv-CL fragments, which are linked
via a peptide linker, the light and the Fd chain of
the Fab Vs

HV
w
L fragment are held together by non-

covalent interactions. Still, two transitions are
observed for this construct. While the second
transition remains unchanged as compared to the
scFv Vs

HV
w
L and scFv-CL Vs

HV
w
L fragment, the first

transition occurs at a higher concentration of
denaturant. Thus, both the unfolding of the Vw

L
domain and of the constant domains is further
shifted to a higher concentration of denaturant. This
result demonstrates clearly that both constant
domains are required for a further stabilization of
both variable and constant domains.
Influence of variable domain stability on the Fab
fragment stability

The weakest of the scFv fragments tested in this
analysis, composed of a Vm

H and a Vw
L domain,

shows a GdnHCl50 of 1.4 M, compared to the CHC
SS
L

heterodimer with a GdnHCl50 of 1.1 M (Figures 5(a)
and 2(a)). Of course, this does not necessarily
translate to a higher DG of unfolding in the absence
of denaturant for the scFv fragment, as a broader
transition of the scFv fragment denaturation curve
suggests that the scFv fragment may not truly
follow a two-state model. The non-disulfide-linked
Fab Vm

HV
w
L fragment, composed of the same four

domains as discussed, shows a highly cooperative
unfolding curve with a GdnHCl50 of 1.9 M,
indicating significant mutual stabilization
between the VHVL and the CHCL heterodimer
(Figure 5(b)).
If the stability of the VH domain in the scFv

fragment is increased by re-introduction of the
intradomain disulfide bond, the difference between
the intrinsic stabilities of the weak Vw

L domain with
a GdnHCl50 of 0.8 M and the Vs

H domain with 3.2 M
becomes too large for a single cooperative unfold-
ing transition. As a consequence, the unfolding
curve of the scFv fragment shows two distinct
unfolding transitions upon increasing the concen-
tration of denaturant (Figure 5(c)). The first tran-
sition represents the unfolding of the VL domain,
which, with a GdnHCl50 of 1.5 M, is stabilized
significantly by its interaction with the strong VH

domain. The second domain (Vs
H) unfolds with a

GdnHCl50 of 3.2 M, and thus at the same GdnHCl
concentration as in isolation.37 If we convert this
scFv to a Fab fragment, we again get two transitions
(Figure 5(d)): the first at a GdnHCl50 of 1.9 M
(representing the unfolding of Vw

L , CL and CH1) and
the second at 3.2 M (representing the unfolding of
the Vs

H domain). Thus, the unfolding of the Vw
L

domain is further shifted to higher concentrations
of denaturant, as compared to the same domain in
the context of an scFv fragment. As the Vw

L domain
unfolds, the Fv part of the Fab fragment is no longer
able to stabilize the constant domains, and only the
Vs

H domain remains folded. Therefore, we conclude
that the CHCL heterodimer unfolds along with the
Vw

L domain. Introduction of a disulfide bond
connecting the C termini of the two chains further
shifts the first unfolding transition to a higher
concentration of denaturant (GdnHCl50 2.4 M),
while the second transition is unchanged
(Figure 5(e)).
For the third series of scFv/Fab/FabSS fragment

comparisons (Figure 5(f)–(h)), the very weak VL

domain of ABPC48 (Vw
L ) was replaced by the very

stable VL domain (Vs
L)

51 of the antibody 4D5.52 With
a GdnHCl50 of 2.7 M, this Vs

L domain approaches
the stability of the Vs

H domain. Therefore, the
unfolding behavior of this single-chain fragment
again resembles a two-state process, albeit with a
slightly lower midpoint (3.05 M) than that of the
isolated Vs

H domain (3.2 M) (Figure 5(f)). Since we
replaced a murine Vk10 domain by a human Vk1
domain, there were some sequence differences
located within the VH/VL interface, and we can
no longer assume the VH/VL interaction to be
exactly the same as in the two other scFv fragments.
A weakened VH/VL interface may offer some
explanation for the unexpectedly low GdnHCl50
(1.1 M) of the first unfolding transition in the Fab
fragment, which corresponds to the unfolding of
both constant domains (Figure 5(g)). Although we



Figure 5. Comparison of the scFv fragments (B), Fab fragments (,) and FabSS fragments (&) consisting of different
variable domain combinations (Vm

HV
w
L left panel, Vs

HV
w
L middle panel, Vs

HV
s
L right panel). While the Fab Vm

HV
w
L , Fab

Vs
HV

w
L and FabSS Vs

HV
w
L fragments were incubated for 14 days, the Fab Vs

HV
s
L and FabSS Vs

HV
s
L fragments were incubated

for 26 days at 20 8C before measurements. The normalization applied to the data makes no assumption about pre-
transition or post-transition baselines. Note that the continuous lines are supplied simply for guidance and do not
represent a fit.
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see no evidence of premature domain dissociation
in the scFv fragment, the linker may keep these
intrinsically stable domains at high local concen-
tration in the scFv fragment, which is not the case in
the Fab fragment lacking the interchain disulfide
bridge. As Figure 2(b) shows, the unfolding of the
CHCL heterodimer within the Fab fragment, which
occurs at lower concentrations of denaturant than
that of the VHVL heterodimer, is observed already at
the earliest time-points measured. Introduction of
the C-terminal disulfide bond stabilizes the Fab
fragment to the point where it shows an unfolding
curve very similar to that of the scFv fragment
(Figure 5(f) and (h)), but with the very slow
unfolding kinetics of the CHC

SS
L heterodimer (Figure

2(c)). This construct combines the high-level stab-
ility of an scFv fragment composed of very stable
variable domains with the kinetic stabilization of a
FabSS fragment. We find that this superior stability
(both thermodynamic and kinetic) is strictly depen-
dent on the presence of the interchain disulfide
bond (Figure 5(d) and (e) or (g) and (h)). We find
that the CH1 and CL domains are mostly a liability
in the case of very stable VH and VL domains
(Figure 5(f) and (g)), in the absence of an interchain
disulfide bond.
Discussion
Multidomain proteins

Multidomain proteins can show complex equi-
librium unfolding behavior. At one extreme we find
proteins consisting of multiple, non-interacting
domains, which are connected covalently by flex-
ible linker sequences. These domains will unfold
sequentially upon increasing temperature or con-
centration of denaturant, according to their intrinsic
stability (stability in the absence of interactions with
any other folded domain). The equilibrium unfold-
ing curve of such a protein can be represented as the
sum of the unfolding transitions of the individual
domains. At the other extreme are assemblies
whose domains interact so strongly that no single
domain can unfold without all the other domains
unfolding as well. Such multidomain proteins show
a single two-state unfolding transition, similar to a
single-domain protein, and the overall protein
stability is higher than that of any of the constituent
domains in isolation.

Between these two extremes lie the multidomain
assemblies, in which some of the constituent
domains are stabilized significantly by their
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interactions with other domains, but not stabilized
sufficiently to enforce a fully cooperative unfolding
transition. The unfolding behavior of such proteins
can be described by amodel in which the stability of
each domain within the multidomain assembly is
the sum of its intrinsic stability and the additional
stabilization it experiences through its interactions
with neighboring folded domains.53 This additional
stabilization is reduced to zero as soon as either of
the interacting domains unfolds, since it is depen-
dent on the structural integrity of the interacting
domains. Such mutual stabilization of domains can
occur between domains within a single polypeptide
chain, between domains on different chains con-
nected by a disulfide linkage or between non-
covalently associated domains. If the interacting
partners are not connected covalently, the inter-
action terms become concentration-dependent.54
Geometry of domain interactions

This model of interdomain stabilization has
been tested with a series of scFv fragments.
Different equilibrium unfolding behavior, depend-
ing on the relative magnitudes of the intrinsic
stabilities of the domains and the interaction terms,
were observed.37,55 In the present study, we
extended this analysis from the two-domain scFv
system to a four-domain system, the Fab fragment.
In the Fab fragment, we find two distinct types of
interfaces: the VH/VL and CH1/CL interfaces are
large, densely packed, and predominantly hydro-
phobic. These interfaces (Figure 6(a)) allow
only limited flexibility in the relative orientation of
the domains (Figure 7(c)). In contrast, the VH/CH

and the VL/CL interface are packed only loosely
(Figure 6(b)), and there is a high degree of
flexibility in the relative orientation of the VHVL

heterodimer against the CHCL heterodimer
(Figure 7(a) and (b)). The elbow angle, defined as
the angle between the pseudo-dimer axes of the
two heterodimers, was found to be between 1278
and 2278.56 It appears to depend more on crystal
packing than on local sequence features, as it also
varies between multiple copies of the Fab fragment
in the asymmetric unit of a crystal57,58 and between
the two Fab fragments within an intact IgG
molecule.59

On average, 1570(G160) Å2 of solvent-accessible
surface get buried upon formation of the VH/VL

interface, and 70% of this surface is non-polar
(analysis of O200 Fab structures, using the pro-
gram NACCESS†). The CH1/CL interface buries
1970(G160) Å2 of solvent-accessible surface, 70% of
it non-polar. The total contact area between the light
chain and the Fd fragment of the heavy chain
therefore amounts to 3540(G220) Å2, 70% of it
apolar. In contrast, the VL/CL and VH/CH inter-
faces are small: 410(G190) Å2 buried for Vl/Cl,
800(G100) Å2 (43% non-polar) for Vk/Ck and
† http://wolf.bms.umist.ac.uk/naccess/
390(G70) Å2 (57% non-polar) for the VH/CH inter-
face. This results in a total of 1220(G180) Å2, of
which 48% are non-polar, for the interface between
the VHVL heterodimer and the CHCL heterodimer in
Fab fragments containing a k light chain. The
interfaces between the variable and the constant
domains are loosely packed and no more hydro-
phobic than the average total accessible surface of
the Fab fragment (19,500(G420) Å2, 54% of the area
non-polar) (Figure 6).
Intermolecular disulfide bond

Since the interchain disulfide bond at the C-term-
inal ends of the constant domains plays an
important role in the stabilization of the Fab
fragment (Figure 5), we analyzed its occurrence in
different Ig families. Human and murine k light
chains have a cysteine residue at the C terminus of
the chain (L214), l light chains have a cysteine
residue in the penultimate position (L214). This
cysteine residue can, in most antibodies, participate
in a disulfide bond connecting the light chain and
the heavy chain (Figure 8). However, while every
heavy chain provides a potential partner, its
position is less conserved than that of the light
chain cysteine residue (Figure 8(a)): it may be either
a cysteine residue in position H233 (the first
cysteine residue of the hinge exon in IgG1) or a
cysteine residue in position H127 or H128 of the
heavy chain, located in the loop between the first
and the second strand of the CH1 domain (present
in all human and murine CH1 domains except IgG1
and human IgA2). A special situation exists in IgAs,
where formation of an intradomain disulfide bond
between the simultaneously present CysH127 and
CysH223B (human IgA1) or between CysH198 and
CysH223B (human and murine IgAs) may prevent
the formation of the interchain disulfide bond. Both
the loop containing the cysteine residue in positions
H127 or H128 and the residues around CysH233 are
very flexible, as indicated by high B-factors of these
residues within individual structures, by a high
degree of divergence between different structures
(Figure 8(b)) and a large number of structures in
which these residues are not resolved. Of 280 Fab
fragment X-ray structures analyzed, 30 carried a
visible disulfide bond connecting the C-terminal
ends of CL and CH1, and 60 carried a disulfide bond
connecting a cysteine residue in position H127 or
H128 with the cysteine residue in the CL domain. In
190 Fab fragments, no interchain disulfide bond
was found, either because the cysteine residues
were missing or too poorly resolved to be visible in
the structure or, in rarer cases, because both cysteine
residues were visible but too far apart to be linked
by a disulfide bond.
To assess the effect of the CH1 domain type and

of the interchain disulfide bond on the relative
orientation of the CH1 against the CL domain, we
analyzed this relative orientation in O200 human
and murine Ck/CH1 pairs excised from Fab frag-
ment structures. To illustrate the high conservation

http://wolf.bms.umist.ac.uk/naccess/


Figure 6 (legend opposite)
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Figure 7. Flexibility of the relative orientations of the domains within the Fab fragment. (a) Three Fab fragments were
superimposed by a least-squares fit of the structurally least variable Ca positions within the Fv part (indicated in white)
to illustrate the flexibility of the variable/constant domain interface. (b) Plot of the distance between the centers of
gravity of VH and CH1 versus the distance between the centers of gravity of VL and CL. Only the structurally conserved Ca

positions (indicated by a gray background in Figure 6) were used for the calculation of the center of gravity. The
observed anti-correlation is explained by a twist around the CH1/CL pseudo 2-fold axis. (c) Limited flexibility of the
VH/VL and of the CH1/CL interface, demonstrated by structurally aligning the VL and CL domains, respectively. From
the comparison of (a) and (c), it becomes apparent that VH/VL and CH1/CL are each moving as a unit.
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of the relative domain orientation, we show a
superposition of the best-resolved structures in
Figure 7(c). The Ck/CH1 pairs were superimposed
by a least-squares fit of the structurally most
conserved Ca atoms of the Ck domains (indicated
by the gray underlay in Figures 6 and 8(a) and
shown white in the aligned structures). Clearly, the
relative domain orientation is highly conserved,
although the position of the interdomain disulfide
bond is not. Taken together, the structures indicate
great structural flexibility of the first loop connect-
ing strands a and b, the C-terminal residues of the
heavy chains (strand g) and the beginning of the
hinge region (Figure 8(b)). Therefore, the CH1/CL

pair is a tight unit (Figure 7(c)), but the disulfide
bond is only a somewhat mobile tether.
Figure 6. Interdomain interfaces. The average contribution
non-redundant Fab fragments (25 with a k, five with a l li
accessible surface of each residue in the Fab fragment, in VLVH

using the program NACCESS (http://wolf.bms.umist.ac.uk/
accessible surface area upon interface formation was calcula
values were converted to a color code and projected onto a sch
the VL, VH, CL and CH1 domains taken from a representative
solvent-accessible surface area, on average, is not affected sig
difference) are in white; slightly affected ones (1–20%) yello
60–80% difference, red-orange; and O80% difference, red.
Influence of different V-domains on the stability
of scFv and Fab fragments

The variable domains (Vw
H, V

m
H, V

s
H and Vw

L , V
s
L)

analyzed in this study and the scFv fragments
(Vw

HV
w
L , Vm

HV
w
L , Vs

HV
w
L and Vs

HV
s
L) derived from

them have been characterized.55,60 They were
shown to be sufficiently stable for production and
analysis, while at the same time covering a wide
range of biophysical behavior. ScFv fragments less
stable than the weakest of these scFv fragments are
not uncommon, but we chose to work with
fragments sufficiently stable for detailed characteri-
zation of the constituent domains as well as the scFv
and Fab fragments. In the scFv Vw

HV
w
L and Vm

HV
w
L

fragment, the two domains show significant mutual
of each residue’s position to the different interfaces in 30
ght chain) has been assessed by calculating the solvent-
, CLCH, VLCL and VHCH pairs and in the isolated domains,
naccess/). From these values, the average relative loss of
ted for each position in the Fab fragment. The numeric
ematic representation and a spacefilling representation of
antibody structure (PDP entry 1IGT). Side-chains whose
nificantly by the association of the domains (less than 1%
w; 40–60% reduction in accessible surface area, orange;

http://wolf.bms.umist.ac.uk/naccess/


Figure 8. Flexibility of the interdomain disulfide bond. (a) A representation of a CH1 and a CL domain. The color code
of the boxes representing the atom positions indicates the contribution of the side-chains of these residues to the CH1/CL

interface as described in the legend to Figure 6. Continuous, thick black lines indicate different disulfide linkages that
have been observed in Fab structures, broken lines indicate additionally possible disulfide bonds. For details, see the
text. (b) Structural flexibility in the region containing the interchain disulfide bonds. An overlay of representative, well-
resolved structures of the constant domains from Fab fragments from different immunoglobulin isotypes illustrates both
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stabilization. In the scFv Vs
HV

w
L fragment, the weak

VL
W domain was stabilized significantly while still

unfolding at a lower concentration of denaturant
than the isolated Vs

H. Finally, in the strongest scFv
fragment, Vs

HV
s
L, a denaturation midpoint between

that of the isolated Vs
L and that of the isolated Vs

H

domain in an apparent two-state unfolding curve,
albeit with a broader transition, indicated a border-
line case between two-state and three-state unfold-
ing behavior.

The C-terminal fusion of just the CL domain to the
scFv Vs

HV
w
L fragment had no effect on its stability.

The unfolding curve calculated from the spectra of
the scFv-CL V

s
HV

w
L fragment could be superimposed

with the curve calculated from the sum of the
spectra of scFv fragment and isolated CL domain at
the different concentrations of denaturant. This
agrees with expectations based on the very limited
interaction interface between the VL and CL

domains and with earlier observations of the
stabilities of Fv, Fv-CL and Fab fragments.28 In this
reported study the chains were not linked cova-
lently. The melting temperature of the reported Fab
fragment was found to about 15 8C higher than that
of the Fv fragment, and no significant difference
was observed between the Fv fragment with or
without the additional CL domain. This result was
consistent with hydrogen/deuterium exchange
determinations of the Fv and Fab fragment of the
same antibody.61 Therefore, the authors came to the
conclusion that both constant domains CH1 and CL

are necessary for the stabilization of the variable
domains. However, with a wide range of Fab
fragments, we now found that this stabilization is
true only for weak or medium stable variable
domains. In the case of very stable variable domains
in both the heavy and light chain, the constant
domains become limiting. Only in the presence of
disulfide-linked constant domains do Fab frag-
ments with very stable variable domains reach the
stability of the stable scFv fragments.
the conservation of the overall structure and the structural fle
disulfide linkage. The N termini of the domains are indicated b
CL and black for CH1. This flexible region is as structurally d
isotype (e.g. murine IgG1) as it is between the different isotyp
of the CH1 domain and some of the loops in this regions have
entry 1NGZ (1.6 Å resolution, no interchain disulfide bond vi
terminal disulfide bond linking CysL214 to a C-terminal cy
entries 1NLB (1.6 Å resolution, no interchain disulfide bond
disulfide bond, orange). Murine IgG2a is represented by PDB
and 1NCW (1.3 Å resolution, disulfide bond between the ter
1OSP (1.92 Å resolution, no disulfide bond, yellow-green) and
and CysH128, yellow-green), andmurine IgG2c by 1HIL (2.0 Å
(2.55 Å resolution, disulfide bond between CysL214 and Cys
1KCV (1.8 Å resolution, no interchain disulfide bond, light blu
interchain disulfide bond, dark blue). PDB entry 2FBJ (1.95 Å r
the murine IgA, which has an additional intrachain disulfide
(2.83 Å resolution, magenta) represents the human IgM an
CysH127. Individual structures are shown for those repres
disulfide bond is present.
VHVL and CHCL each form a unit

The interaction interface between VH and CH1 is
even smaller than that between VL and CL, and we
can therefore safely assume that there is as little
direct mutual stabilization between VH and CH1 as
between VL and CL. However, the situation is very
different for the whole Fab fragment with its two
chains. We clearly observe a high degree of mutual
stabilization between the VHVL heterodimer and
the CHCL heterodimer. This is not simply a case of a
weak VHVL heterodimer being stabilized by a much
stronger CHCL heterodimer. Rather, the intrinsic
stability of the constant domains is in the same
range as that of a very weak variable domain.
Despite the larger hydrophobic interaction area
between CH1 and CL than that between VH and VL,
the affinity between the two isolated constant
domains is too low for them to remain associated
throughout purification in the absence of a covalent
linkage. Stabilization of the CHCL heterodimer by
domain association and the introduction of an
interchain disulfide bond appear to increase the
activation barrier for unfolding rather than to
increase the equilibrium stability. Nevertheless,
the CH1 domain, which cannot be expressed and
studied well in isolation, obviously experiences
some interface stabilization. The equilibrium stab-
ility of the CHC

ss
L heterodimer is still relatively low

(Figure 2(a)), but is increased significantly by the
interaction with a VHVL heterodimer (Figure 5).
The geometry of the interaction between CH1 and

CL is very different from that of the interaction
between VH and VL (Figure 6). Not only does it
use the other b-sheet of the b-sandwich, but the two
b-sheets forming the CH1/CL interface are placed at
an almost right-angle to each other, while the two
b-sheets of the VH/VL interface together resemble a
b-barrel filled by mostly hydrophobic residues. It is
not clear why the large and hydrophobic CH1/CL

interface does not lead to a very strong interaction
in the absence of the interdomain disulfide bond.
xibility of the C termini and loops involved in interchain
y open triangles, the C termini by filled triangles, gray for
ivergent between structures of Fab fragments of the same
es. In many of the Fab fragments analyzed, the C terminus
not been resolved. Human IgG1s are represented by PDB
sible, red) and PDB entry 1L7I (1.8 Å resolution, with a C-
steine residue, red). Murine IgG1 is represented by PDB
, orange) and 1WEJ (1.8 Å resolution, with a C-terminal
entries 1NBY (1.8 Å resolution, no disulfide bond, yellow)
minal CysL214 and CysH128, yellow), murine IgG2b by
1NBV (2.0 Å resolution, disulfide bond between CysL214
resolution, no interchain disulfide bond, green) and 1HI6
H128, green). Murine IgG3 is represented by PDB entry
e), human IgG4 by PDB entry 1AD0 (2.5 Å resolution, no
esolution, no interchain disulfide bond, purple) represents
bond linking CysH198 and CysH223B. PDB entry 1QLR
d has an interchain disulfide bond linking CysL214 to
entative structures of each isotype where the interchain
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Perhaps this interface is too rigid to be able to adapt.
In the presence of the interdomain disulfide bond,
on the other hand, a remarkable kinetic stabilization
against unfolding is observed. This implies that the
concerted motions needed for domain unfolding
are optimally blocked by the other domain being
“in the way”. This is not the case for the variable
domains, which reach equilibrium rapidly. In the
constant domains, all strands of one sheet and one
strand of the other are involved strongly in
the interdomain interaction. It is possible that a
“peeling” of the edge strands is therefore more
difficult.

While the mutual stabilization at the VH/VL or
CH1/CL interface relies on the formation of a large,
well-packed hydrophobic interdomain interface,
this is not the case for the mutual stabilization
between the VHVL and CHCL heterodimers. Even if
we assume a high degree of cooperativity between
the formation of the VH/CH1 interface and the
VL/CL interface, these two small, poorly packed,
and rather hydrophilic interfaces would contribute
minimally to stability. The mutual stabilization of
VHVL and CHC

ss
L heterodimers relies not on the

formation of a tightly packed interface, but on the
fixed distance and orientation of the two C-terminal
ends of the variable domain for the stabilization of
the VHVL heterodimer and, vice versa, for the two
N-terminal ends of the CHC

ss
L heterodimer. Each of

the domain pairs thus acts as an optimal linker for
the other, strengthening the association of VH with
VL and of CH1 with CL through their respective
heterodimer interfaces. This interface stabilization
is enhanced strongly by the presence of the
disulfide bond connecting the C-terminal ends of
the two constant domains preventing the dis-
sociation of the CHCL heterodimer. Without this
disulfide bond, the stability of the CHCL hetero-
dimer becomes limiting for the stability of Fab
fragments containing stable variable domains. In
contrast, the midpoint of the unfolding transition of
the CHC

ss
L heterodimer in the Fab fragment contain-

ing the strongest variable domains and an inter-
chain disulfide bond is shifted to the level of the
strong scFv fragment, and the variable domains in
that Fab fragment profit from the kinetic stabiliz-
ation of the CHC

ss
L heterodimer.
Conclusions

In summary, Fab fragments extend the range of
variable domains that can be used. Especially weak
variable domains experience a considerable stabil-
ization to make them more useable for practical
application. This effect is mostly due to kinetic
stabilization provided by the CHCL heterodimer
and especially the disulfide-linked CHC

ss
L hetero-

dimer. At equilibrium, the stabilizing effect is
smaller. Conversely, with very stable variable
domains, constant domains without an intra-
domain disulfide bond become a liability. This is
remedied only by the re-introduction of the
interdomain disulfide bond. The question of
which format is “better”, Fab fragment or scFv
fragment, does not have a unique answer, but
depends on the stability of the variable domains
involved, as well as on the importance that is placed
on production yields, as Fab fragments containing
the interdomain disulfide bond tend to give lower
yields in bacterial production than either Fab
fragments without disulfide bond or scFv frag-
ments. The production yield is a function of the
different degrees of aggregation and degradation
during folding in the cell. Increased understanding
of the mechanisms of mutual domain stabilization
will help in the design of even better antibody
molecules.
Materials and Methods
Protein expression and purification

The isolated Vw
L domain was expressed and purified as

described.37 The gene fragment for the CL domain was
inserted into the pIG vector.37 The protein was expressed
in soluble form in the periplasm of E. coli SB536,62 and
purified using a two-column coupled system (BioCAD).
After the CL domain was bound via the His-tag to the
immobilized metal ion affinity chromatography (IMAC)
column, it was washed with 1 M NaCl, eluted with
125 mM imidazole and loaded directly onto an anion-
exchange column. The fragment eluted in pure form at
the beginning of the applied salt gradient. The buffer was
then exchanged to Mops buffer (20 mM Mops (pH 7),
150 mM NaCl) by dialysis.
To obtain the two-fragment assembly CHC

SS
L , the

corresponding genes were inserted into the dicistronic
vector pHJ290FF,63 expressed in the periplasm and
purified as described above for the CL domain. The
light chain gene fragment was inserted into the pIG
vector,37 and expressed in soluble form in the periplasm
of E. coli SB536.62 For purification, the light chain was first
applied to an IMAC column (BioCAD) and subsequently
loaded onto a Superdex-75 size-exclusion column
(Amersham Biosciences) in Mops buffer. The scFv
fragments Vm

HV
w
L and Vs

HV
w
L were expressed and purified

as described,37 with the exception of using Mops buffer
for the levan affinity column.
For the three-domain assembly scFv-CL Vs

HV
w
L , the CL

domain gene was inserted behind the VL domain to
restore the natural light chain sequence in the expression
vector for the scFv Vs

HV
w
L fragment. The dicistronic vector

pHJ290FF63 was used for the expression of the Fab
fragments: Fab Vm

HV
w
L , Fab Vs

HV
w
L , Fab

SS Vs
HV

w
L , Fab Vs

HV
s
L

and FabSS Vs
HV

s
L. The three-domain assembly scFv-CL Vs

H
Vw

L and all Fab fragments were expressed in soluble form
in the periplasm of E. coli SB536.62 Constructs containing
the levan-binding site (the scFv-CL V

s
HV

w
L , Fab Vs

HV
w
L and

FabSS Vs
HV

w
L fragments) were purified as described for the

scFv Vs
HV

w
L fragment. The hybrid constructs between

ABPC48 and 4D5 (the Fab Vs
HV

s
L and FabSS Vs

HV
s
L

fragments) were bound via the His-tag to the IMAC
column and washed with 1 M NaCl. The protein was
eluted with 30 mM imidazole (pH 8.5) and loaded
directly onto an anion-exchange column. The Fab frag-
ments eluted in pure form at the beginning of the applied
salt gradient. The buffer was exchanged toMops buffer by
dialysis.
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Protein concentrations were determined by measuring
the absorption at 280 nm and using the calculated
extinction coefficient.64

Equilibrium denaturation measurements

Using fluorescence spectroscopy, the unfolding or
refolding of proteins was followed by monitoring a shift
in emission maximum or in intensity at 330 nm or 350 nm
for each concentration of denaturant. All fluorescence
measurements were performed with a PTI Alpha Scan
spectrofluorimeter (Photon Technologies Inc.), using an
excitation wavelength of 280 nm and recording the
emission spectra between 320 nm and 365 nm. The
protein concentration was 0.2 mM in all experiments. For
equilibrium denaturation measurements, either native or
completely denatured protein was incubated at 20 8C in
Mops buffer containing various amounts of denaturant
(urea or GdnHCl, respectively). Constructs containing
both constant domains (CHC

SS
L , Fab and FabSS fragments)

were incubated for up to 26 days due to their slow
unfolding. All other constructs were incubated overnight.
While for isolated domains, two-domain and three-
domain constructs, coincidence of the curves obtained
starting from native protein (unfolding curve) and from
fully denatured material (refolding curve) indicated that
equilibrium had indeed be reached, dilution of fully
denatured Fab fragments into low concentrations of
GdnHCl leads to aggregation. Thus, Fab and FabSS

denaturation was deemed to have reached equilibrium
when no further shift of the midpoint of the unfolding
curve with increasing equilibration time could be
discerned. The exact concentration of denaturant in
each sample was determined from its refractive index.
DG values could not be derived because of the deviation
from two-state behavior for most of the antibody
fragments and, in some cases, the incomplete reversibility
due to aggregation.
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